OBJECTIVE GCLOSURE OF
SURFAGE ENERGY
FLUXES



TRENBERTH ET AL, (2009)
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STEPHENS ET AL (201 2)
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LATENT HEATING
(PRINGETON-SRB + SEAFLUX)

GLB:75.99 LND : 40.44 SEA:90.29

Latent Heatlng (PrSRB/SeaFqu)




SENSIBLE HEATING
(MERRA + SEAFLUX)

GLB : 22.21 LND : 33.19 SEA:17.79

Sensible Heating (MERRA/SeaFlux)
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SH 5 Wm-2 larger than Trenberth; 2 Wm-2 less than Stephens et al




SURFACE NET RADIATION (SRB)

GLB:114.0 LND : 72.07 SEA:130.9

S = FL\LW + Fsiw - FIIW - FSTW

DLR 11 Wm2 larger than Trenberth et al; DSR 7 Wm-2 larger
DLR 1 Wm-2 smaller than Stephens et al; DSR 3 Wm-2 larger



NEWS SURFACE ENERGY BALANCE

GLB:15.86 LND : -1.56 SEA: 22.87
Surface Energy
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S=F', +F, -F, -F\, —-LH -SH
=» Surface energy imbalance of ~16 Wm-2



DOTHER FLUX COMBINATIONS

SRB.-’PrISCCP."PI'ISC.(_)P,*‘MERRA-"SeaFqu ISCCP/ PrISCCP PrISCCP MERRA SeaFlux




RAW UOBSERVATIONS
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UBJEGTIVE ARDRITION OF “S0FT”
BALANCGE GONSTRAINTS

General budget equation:

Surface Energy Budget: DR et st suny SUSES B 5 N5 |

Surface Water Budget:
(E)

= Equations are valid for all continents on annual time-scales.

= Similar equations apply to the world oceans (cannot
separate basins since transports are not known).

Additional constraints: EQ EQ
. L — 0
= S = O for a” Contlnents continents basins




YARIATIONAL MINIMIZATION
PROCEDPURE

If errors are assumed to be Gaussian, balance constraints can be
imposed by minimizing the cost function:

J=(F-F,) S} (F-F,)+[R-R,) S;'(R-R,,)

Minimum occurs when: F=F, -S;K'S (Robs —KFobs)

S, =(K"S;'K+S;.)"

obs

Since balance constraints are linear in the various fluxes,
this solution collapses to the minimum variance solution if



LINCERTAINTIES

= Key is determining
uncertainties to weight
the various flux terms
(represented by the error
covariance Sy)

= Error estimates based on
a combination of product
Inter-comparisons,
comparisons with ground
observations, and
sensitivity studies.




Net Flux (Wm?)

Net Flux (Wm?)

Net Flux (Wm?)

P

50

50

P

80

60

LIS

il

Rl

40

P

North Pacific North America North Atlantic Eurasia
T T T T T ]00, T T E| T T T
50
1 50+ 8
2 2 2 2
s s s s
5 4 3 2 2
00 8 S0- 8
1 150/ \;TOA/ — T
| | | | | | | | T SF\C | | | | | | | | | | | | | | | | | \_ SFC 100 2 | | | | | | | | T SF\C N | | | | | | | | | |
an Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month Month Month Month Month
South Pacific Australia
T T T T T T T T
[ ) = -
3 3 _ -
. L L . 1 N SN\ N\ T
Ny \ = o X
~ Complete Manthly/Continental Scale-Res
) . -~ y - ) all )
r —T0A ] - ? -
—SFC
| | | | | | | | | | | | 1 | | | |
an Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month Month
South America South Atlantic Antarctica [ndian
L = 100 L 3 50 L 4 T
3
I ] 50F .
50- 8 0- i
1 = = ~ o
£ 3 £ £
2 2 2 2
s 15 13 3 x U ]
Z £ 0 1 & Z
i 1 s 3 3 10 3
2 2 2 2
L | S0- 8
] ] @ 100} ]
—T0A —T0A —T0A 0f —T0A
F —SFC —SFC \ - —SFC —SFC
| | | | ! | | | | | | | | | 1 | | | | | | J// | | | | | | | | | | | | | |
an Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month Month Month Month Month



Surtac\e‘ ‘IJEnel'gy

-30

-50

190

150

110

125

100

75

50

25

75

55

35

Wm*

Wm?*

Wm?

15

-25

GLB:
LND :
SEA:

GLB:
LND :
SEA:

GLB:
LND :
SEA:

GLB:

LND

SEA:

15.86
-1.56
22.87

114.0
72.07

130.9

75.99
40.44

90.29

22.21

:33.19

17.79

Surtacre Enel'gy

-30

-50

190

150

110

GLB:
LND :
SEA:

GLB:
LND :
SEA:

GLB:
LND :
SEA:

GLB:

LND

SEA:

0.874
0.002
1.222

106.8
7417

120.0

81.27
41.29

97.35

24.72

1 32.87

21.44

Raw Obs.

Constrained



CONSTRAINED ENERGY BUDGET
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ABRYANTABES

< Objective approach based on estimated uncertainties
in component fluxes

“» Energy and water cycle constraints are satisfied
simultaneously

< “Goodness of Fit” (y¥?) helps answer ‘can balance be
achieved within current uncertainties?’

x*=(F-F,) S (F-F,)+(R-R,) S;'(R-R,,)=22




ARE THE ADJUSTMENTS REALISTIC?Y

SFC Net Radlatlon Surface Net Radlatlon

GLB:-14.9
LND : 1.565
SEA:-21.6

Original Uncertainties Flux Changes




INSIGHTS INTO ERROR
SOURCES IN A-TRAIN
FLUX ESTIMATES



RADIATIVE FLUXES



cB-FLXHR ALGARITHM

CloudSat Radar Reflectivity (dBZ)




20.000
Latitude

]

Clouds — CloudSat CPR + MODIS optical depth

2. Sub-visual Cirrus — CALIPSO (5 km Cloud Layer Product)

3. Stratus/mixed-phase — CALIPSO (identification) + MODIS
(microphysical properties)

4.  Aerosol — CALIPSO (5 km Aerosol Layer Product)

[N




PIXEL-LEVEL HEATING RATES
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L'Ecuyer et al., J. Geophys. Res., 2009
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SENSITIVITY STUDIES



CLoup IMPACTS ON DLR

Effective Radius/LWP Effective Radius/IWP

(CloudSat Errors + (CloudSat Errors +
CALIOP clouds) CALIOP clouds)

Surface Longwave (1.723)




CLOouD IMPACETS ON DSR

Effective Radius/LWP Effective Radius/IWP

(CloudSat Errors + (CloudSat Errors +
CALIOP clouds) CALIOP clouds)




ATMOSPHERIC PROPERTIES

Outgoing Shortwave (0.776)

Surface Longwave (9.314)

e
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ECMWEF Specific Humidity £25 %
ECMWF Temperatures 2 K



o URFAGCE PROPERTIES

Outgoing Longwave (1.062) Outgoing Shortwave (1.486)

g '

Surface T £2K Surface Albedo +0.02



AEROSOLS (AOD/CoMPOSITION)

Surface Shortwave (4.800

AOD Doubled/Halved
SSA/g Modified between Dust and Smoke Extremes




SUMMARY

Error Source DLR DSR OLR OSR

Low Cloud Properties | 1 | 5 | 1 | 55
High Cloud Properties | 1 | 3 | 4 | 3

Atmospheric Properties| 9 | 25 | 7 | 1
Aerosols | 0 | 5 | 0 | 2




COMBINED ERRORS

Outgoing Shortwave (7.526)

Outgomg Longwave (8 267)




LATENT HEATING FROM
LIGHT RAIN AND SNOW



CLOUDSAT BAINFALL ALGORITHM

= Path integrated attenuation calculated using a SST and wind
speed-dependent clear-sky estimate of surface reflectivity,
provides an indicator of rainfall and a crude intensity estimate.

3.232x10* 3.240x10* 3.248x10*

x index

Zsfc [black], PIA [green]

Are If signal is significantly attenuated, areas are likely to be raining
unlikely to contain rain



SNBAYWFALL

2006 Aug 29 (241) 21:09:04 UTC | 1A-AUY | Granule 1709 eteciy: Low

2006 Aug 29 (241) 21:09:04 UTC | 1A-AUX | Granule 1799 . Time 21:40:57 21:37:46 | Lat -63.0 -736 | Lon -102.9 -89.3 CIRA CloudSat DPC



TROPICS: CLOUDSAT + PR

» R <1 mmh': CPR accumulation is 0.47 mm/d, PR’s is 0.19
= R>5mm h': CPR accumulation is 1.35 mm/d, PR’s is 1.86
= Light rain accounts for ~10% of total accumulation in tropics.
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GLOBAL DISTRIBUTION OF LIGHT

PRECIPITATION

Rain (0.074) Rain (2.401)
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IMPLIED LATENT HEATING




LONELHSIANS

= Energy and Water Cycle can be objectively balanced at
annual and continental scales within realistic error

estimates
= Results like between those from recent competing studies

= The addition of active CloudSat and CALIPSO
measurements appears to drive DLR further away from
balance (350 Wm-)

= DLR errors in FLXHR-lidar are dominated by
atmospheric properties as opposed to cloud properties
but could still be up to 10 Wm-

= |H from light rainfall observed by CloudSat (R< 0.5 mm



CLOSURE?Y

GLB :0.874 LND : 0.002 SEA :1.222

Surfacg Energy




<B-FLXHR-LIRAR-ERB
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= Can't sample the diurnal cycle of clouds and
precipitation but can at least model the solar cycle.

= Due to the high along-track sampling of CloudSat, we
simply move the sun by 2 hours in each successive pixel




REGIONAL BRADIATION BUDGETS
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LINCERTAINTIES
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COMPARISONS WITH CERES
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